Abstract Three-dimensional (3D) Fe 2 (MoO 4 ) 3 microspheres with ultrathin nanosheet constituents are first synthesized as anode materials for the lithium-ion battery. It is interesting that the single-crystalline nanosheets allow rapid electron/ion transport on the inside, and the high porosity ensures fast diffusion of liquid electrolyte in energy storage applications. The electrochemical properties of Fe 2 (MoO 4 ) 3 as anode demonstrates that 3D Fe 2 (MoO 4 ) 3 microspheres deliver an initial capacity of 1855 mAh/g at a current density of 100 mA/g. Particularly, when the current density is increased to 800 mA/g, the reversible capacity of Fe 2 (MoO 4 ) 3 anode still arrived at 456 mAh/g over 50 cycles. The large and reversible capacities and stable charge-discharge cycling performance indicate that Fe 2 (MoO 4 ) 3 is a promising anode material for lithium battery applications.
Introduction
Nanostructured materials lie at the centre of fundamental advances for high-efficiency photochemical and electrochemical energy storage/conversion devices (Yu et al. 2013; Kim and Cho 2009; Bruce et al. 2008; Wu et al. 2012; Sun et al. 2013; Sun et al. 2014) . In particular, some nanomaterials in special morphologies (nanobelts, nanotubes, hollow microspheres, core-shell microspheres, mesoporous materials, etc.) are acknowledged as promising solutions for future generations of lithium-ion batteries with high energy density, high power density and excellent cycling stability, because of their large surface areas, short distances for mass and charge transport, and freedom from volume change problems (Chen et al. 2005; Cheng et al. 2011; Wang and Cao 2008; Guo et al. 2008; Sun et al. 2011) .
Metal molybdates have received great attention due to their broad applications in various fields, including sensors and detectors, scintillator materials and catalysis, as well as their electrochemical and magnetic applications. It has been demonstrated that soft chemistry routes (hydrothermal synthesis, self-templated methods, microwave-assisted solution synthesis etc.) are the best way to controllably synthesize this family of materials (Cui et al. 2012; Liu et al. 2004; Zhang et al. 2007; Chen et al. 2006; Xu et al. 2005; ) . Recently, many metal molybdates or tungstates with different morphologies and sizes have been made via the hydrothermal approach to investigate their crystal growth mechanisms or physical properties (Ji et al. 2011; Lou et al. 2009; Vilminot et al. 2009; Chu et al. 2009; Ding et al. 2008; Rodriguez et al. 1998; Yu et al. 2003; Cui et al. 2004; Ma et al. 2009; Cui et al. 2012; Liu et al. 2004; Zhang et al. 2007; Chen et al. 2006; Xu et al. 2005 (Haetge et al. 2012) . The initial discharge capacity is 270 mAh/g at a rate of 1.4 C within a potential window of 3.5-1.5 V versus Li/Li ? . Cherian et al. have reported interconnected networks of CoMoO4 submicrometer particles were prepared by thermolysis of polymer matrix based metal precursor solution. The material exhibited a high reversible capacity of 990 mAhÁg -1 at a current density of 100 mAÁg -1 (Cherian et al. 2013 ). Iron molybdate (Fe 2 (MoO 4 ) 3 ) exhibits very interesting magnetic properties and is a particularly efficient catalyst for the oxidation of methanol to formaldehyde (Cui et al. 2012; Jing 2010; Jin et al. 2012; Zhang et al. 2010) . To the best of our knowledge, however, no investigations have been conducted on Fe 2 (MoO 4 ) 3 as an anode material for lithium-ion batteries so far. In the present work, threedimensional (3D) Fe 2 (MoO 4 ) 3 microspheres with ultrathin, single-crystalline nanosheet architectures were synthesized via a hydrothermal process. It is interesting that the single-crystalline nanosheets allow rapid electron/ion transport on the inside, and the high porosity ensures fast diffusion of liquid electrolyte in energy storage applications. The electrochemical properties of Fe 2 (MoO 4 ) 3 have been studied here for the first time as anode material in lithium-ion batteries, in order to explore its prospects in future-generation batteries.
Results and discussion
The present system was a typical hydrothermal crystallization and ripening process. Here, the formation mechanism and shape evolution process of Fe 2 (MoO 4 ) 3 have been carefully investigated (Scheme 1). This self-assembly model has already been demonstrated and proven to be feasible to fabricate various functional multilayer stacked structures. Mixed of Na 2 MoO 4 solution and FeCl 3 solution results in the formation of a yellow solution (the pH value \ 7 of solution); the colour of solution was altered slightly but tiny nanoparticles appeared. Under the hydrothermal conditions, the amorphous precipitates gradually grew into crystalline nanoparticles with the proceeding of reaction. During hydrothermal process, the Fe 2 (MoO 4 ) 3 nanoplates self-assembly of these building blocks would occur along a certain direction and lead to nanoplate-assembled microstructures; a number of the superstructures gradually grew and fully self-assembled 3D flowerlike Fe 2 (MoO 4 ) 3 microstructures were formed. The analogous formation of Fe 2 (MoO 4 ) 3 was possibly relative to the intrinsic crystal structure; reaction conditions were as for the hydrothermal synthesis of 3D Fe 2 (MoO 4 ) 3 microspheres reported previously (Cui et al. 2012) .
Figure 1 presents scanning electron microscope (SEM) images of the hierarchical 3D Fe 2 (MoO 4 ) 3 microspheres with ultrathin nanosheet constituents synthesized at 180°C. The overall morphology of the samples (Fig. 1a, b, Fig. S1 ) indicates that large-scale microspheres were achieved using this simple hydrothermal approach. The obtained microspheres have diameters ranging from 5 to 20 lm. As shown in the high-magnification SEM images (Fig. 1b, c) , the microspheres are composed of numerous ultrathin nanosheets. Figure 1d presents the morphology of the constituent naonsheets from observing the crosssectional surfaces of the microspheres, in which it is clearly displayed that the nanosheets are around 500 nm in width. The thicknesses of the nanosheets were also estimated from Fig. 1e . It is interesting that the nanosheets are very thin, around 20-50 nm. From  Fig. 1e , we also find that there is considerable space between the individual nanosheets. This kind of architecture of the constituent nanosheets provides permeation pathways and allows sufficient diffusion of the reaction solution in further functional applications. The chemical composition of the Fe 2 (MoO 4 ) 3 microspheres was analysed by energy dispersive spectroscopy (EDS), as shown in Fig. 1f , indicating Figure 3 shows the first five cyclic voltammetry (CV) curves of the electrode made from the 3D Fe 2 (MoO 4 ) 3 microspheres at a scan rate of 0.1 mV/s in the voltage range 0.01 * 3.0 V versus Li. The voltammogram for the first cycle is substantially different from those for the subsequent ones. During the first cycle, it showed a broad cathodic peak cantered at 1.33 V, followed by onset of a large voltage peak at 0.3 V and extending up to the 0.049 V, which can be ascribed to the reduction of Fe 3? and Mo 6? to metallic Fe and Mo, respectively. The main reduction peak shifts to broad peaks at 0.64 and 0.19 V in the subsequent cycles, which might originate from the pulverization of the Fe 2 (MoO 4 ) 3 . These voltage peaks implied the crystal structure destruction; followed by formation of corresponding metals and amorphous Li 2 O (Eq. 1). During the subsequent oxidation, a broad and intense peak cantered at 1.45 V and a low intensity peak cantered at 1.75 V were observed. The first voltage peak is possibly due to the oxidation of Mo to Mo 6? state (i.e. formation of MoO 3 ) and the later peak is possibly due to the oxidation of Fe to Fe 2 O 3 (Reddy et al. 2007 ), the Mo element was reduced from the higher oxidation state of Mo and hence facilitated the formation of MoO 3 during subsequent oxidation in Oreach environment. These peaks are due to the oxidation of metals to form their corresponding metal oxides (Eqs. 2, 3).
The electrochemical performance of the Fe 2 (MoO 4 ) 3 was measured via coin cell testing. Figure 4a shows typical discharge/charge cycles of the as-prepared Fe 2 (MoO 4 ) 3 electrode cycled between 0.01 and 3.0 V at a current density of 100 mA/g at room temperature. The initial discharge capacity of the as-prepared 3D Fe 2 (MoO 4 ) 3 microspheres was 1855 mAh/g. The difference between the first and following cycles could be seen. In the first discharge curves, two voltage plateaus near 1.6 and 0.6 V are clearly observed, and the higher potential peak remains at 0.6 V in the following cycles, while the charge curves of the sample show a deinsertion plateau at about *1.5 V. Apparently, iron molybdate manifests similar discharge processes with that of nickel molybdite based on the voltage-capacity profiles (Haetge et al. 2012) . The electrochemical intercalation of Li into Fe 2 (MoO 4 ) 3 leads to the formation of a two-phase system: Li-Fe-O and Li 2-MoO 3 , which has not been previously described, with the former phase being redox inactive in the potential window chosen here. It has been reported that the formation of Li-A-O is irreversible and contributes to the irreversible capacity loss in the first cycle in the molybdites (Ding et al. 2008; Haetge et al. 2012) . Additionally, the formation of a solid electrolyte interface (SEI) layer is also partly responsible for the initial irreversible capacity loss. After the first charge/ discharge cycle, the electrochemically active Li x MoO y conveys reversible electrochemical reactivity towards Li. Figure 4b shows the cycling performance of the 3D Fe 2 (MoO 4 ) 3 microspheres at a current density of 100 mA/g. The Fe 2 (MoO 4 ) 3 microspheres delivered a larger initial capacity of 1855 mAh/g (equivalent to *14.1 mol Li per mole) and show a high reversible capacity of 1382 mAh/g for the second cycle, which is much higher than what was reported for metal molybdates (Ding et al. 2008; Leyzerovich et al. 2004; Haetge et al. 2012) . It still retains a high capacity of 745 mAh/g, even after 50 cycles, which is much higher than the theoretical capacity of graphite (372 mAh/g). What is more, except for the first two cycles, where Coulombic efficiencies are 98 %, those of the rest of the cycles are about 100 % Coulombic efficient (Fig. 4b) . It is interesting that there is a deep reduction in the capacity in the first cycle. Based on a previous study on MnO 2 , the sloping part is generally considered as due to capacitive behaviour from surface storage of lithium, which has been widely observed in the nanostructured materials with high specific surface areas (Yu et al. 2009; Jiao and Bruce 2007) . The improvement in charge storage is likely due to the unique morphology of the material, in particular, the ability to access bulk and surface sites. It is obvious that the Fe 2 (MoO 4 ) 3 sample shows much improved cycling performance with higher specific capacity at the same cycle with the same current density as compared with the other samples in the literature (Ding et al. 2008; Leyzerovich et al. 2004 ). The superior battery performance is mainly attributable to the unique micro/nanostructure composed of interconnected Fe 2 (MoO 4 ) 3 nanosheets, which provides good electrolyte diffusion and large electrode-electrolyte contact area, while reducing volume change during the charge/discharge process. The strategy is simple but very effective, and because of its versatility, it could be extended to other highcapacity metal oxide anode materials for LIBs.
To better understand the electrochemical behaviour of the 3D Fe 2 (MoO 4 ) 3 nanosheet microspheres, we also investigated their rate performance as shown in Fig. 4 Electrochemical properties of 3D Fe 2 (MoO 4 ) 3 microspheres: a typical discharge/charge curves for selected cycles, cycled between 0.01 and 3.0 V at 100 mA/g, b cycling performance of discharge capacity at 100 mA/g Fig. 5a , b. The Fe 2 (MoO 4 ) 3 electrode was cycled at various current densities (100-1600 mAh/g). The cell shows good rate capability with average discharge capacity of 1546, 785, 496, 449, 299 and 212 mAh/g, when the current density was increased stepwise to 100, 200, 400, 800, 1200 and 1600 mA/g, respectively. Upon changing the current density back to 100 mA/g, an average discharge capacity as high as 811 mAh/g could be recovered. This demonstrates that the 3D Fe 2 (MoO 4 ) 3 nanosheet microspheres have great potential as high-rate anode materials in lithiumion batteries.
Electrochemical impedance spectrum (EIS) can give information about the solid electrolyte interface, the charge transfer and bulk resistances of the electrodes, and the associated capacitances and variation of the electrodes with the applied voltage during the charge-discharge cycles (Das et al. 2009; Reddy et al. 2007) . Figure 6 presents the impedance plots were obtained for 3D Fe 2 (MoO 4 ) 3 electrodes. The presence of a semicircular loop at higher frequencies is attributed to the faradic reactions. The measured resistance (intercept of semicircle along the x-axis) is composed of the ionic resistance of electrolyte, which is the intrinsic resistance of the active material and the contact resistance of the active material/current collector interface. The intermediate frequency region, the 45°tilting tails is the characteristic of Li ? ion diffusion into the porous structure of the electrode. In the low frequency region, the slop of the impedance plot increases and tends to become purely capacitive, which demonstrate the high electrochemical capacitance of the material. As shown in Fig. 5 , the Fe 2 (MoO 4 ) 3 electrode exhibited much lower resistance in the higher frequency region at the first 10 cycles, indicating the better electronic conductivity and smaller contact resistance. However, the impedance spectrum of the Fe 2 (MoO 4 ) 3 electrode after 50 cycles showed an extremely high charge transfer resistance (R ct = 352 X). The increasing charge transfer resistance after cycling should be aroused by the interconnectivity among the Fe 2 (MoO 4 ) 3 3D microspheres, which undergo a large volume change during the electrochemical conversion reaction. The volume change of the electrodes during the cycling leads to a large mechanical stress and a subsequent structural failure, which then induces an electrical isolation and contact loss within the nanostructured electrodes, and results in an increase in charge transfer resistance (Liu and Zhang 2009 ). This study revealed that if above problem is solved in our future work, 3D Fe 2 (MoO 4 ) 3 microspheres will be the promising anode material with high capacity for lithium-ion batteries. The design of Mo-based anode materials for lithium-ion batteries with long cycle life, high reversible capacity and excellent rate capability, however, have to be further studied, for example, by polymer coating of Fe 2 (MoO 4 ) 3 materials and proper fabrication of Fe 2 (MoO 4 ) 3 /graphene composites.
Conclusions
In summary, 3D Fe 2 (MoO 4 ) 3 microspheres with ultrathin nanosheet constituents were successfully synthesized. The 3D Fe 2 (MoO 4 ) 3 nanosheet microspheres displayed an initial capacity of 1855 mAh/g at a current density of 100 mA/g. After 50 cycles, the sample still retained a high capacity of 745 mAh/g. In particular, when the current density was increased to 800 mA/g, the reversible capacity of Fe 2 (MoO 4 ) 3 anode still reached 456 mA/g after 50 cycles. These results demonstrate that 3D Fe 2 (MoO 4 ) 3 microspheres are promising for application as anode materials in superior future generation lithium-ion batteries due to their enhanced lithium-ion storage capabilities.
